Since ampli®ed fragment length polymorphism (AFLP) analysis has proved useful in distinguishing cultivars of Caladium, it was used to assess the status of species of Caladium vs. Xanthosoma, both in tribe the Caladieae, and to reassess the position of Hapaline in the same tribe. AFLP analysis using three primer combinations was carried out on four species of Caladium (C. bicolor, C. humboldtii, C. lindenii and C. schomburgkii). Results showed that AFLP can distinguish between the dierent species by their unique and dierent banding patterns. AFLP analysis con®rmed that C. humboldtii is a species distinct from C. bicolor and that C. lindenii is a true Caladium species and does not belong to Xanthosoma. UPGMA cluster analysis showed that C. bicolor and C. schomburgkii are most similar and that C. humboldtii is closer to the C. bicolor/C. schomburgkii cluster compared with C. lindenii. Genetic relationships between Caladium, Xanthosoma, Hapaline, Alocasia and Protarum were also examined by AFLP analysis using eight primer combinations. Several useful molecular markers were speci®c either to Caladium or Xanthosoma, so that AFLP can be used to distinguish species of these two genera. Genetic analysis of the genera examined con®rms that the Caladieae and Colocasieae tribes are distinct and that Hapaline falls within the tribe Caladieae and that Protarum is most distant from all the genera examined.
INTRODUCTION
Ampli®ed fragment length polymorphism (AFLP) is a novel PCR-based assay for plant DNA ®ngerprinting which reveals signi®cant levels of DNA polymorphism (Vos et al., 1995) . It is a robust and reliable genetic molecular marker assay, and the number of polymorphisms detected per reaction is much higher than that revealed by restriction fragment length polymorphisms (RFLP) or the PCR-based randomly ampli®ed polymorphic DNA (RAPD) assay. In AFLP, genomic DNA is digested with two endonucleases and site-speci®c adapters are then ligated to the DNA fragments. Primers complementary to the adapters and to the restriction sites are designed with selective nucleotides added to the 3 H ends of the primers; thus only DNA fragments with nucleotides¯anking the restriction sites that match the selective nucleotides of the primer are ampli®ed during PCR. Resolution of the resulting DNA fragments on standard sequencing gels allows for the detection of AFLPs. AFLP has been applied successfully to plant species such as rice (Mackill et al., 1996) , tea (Paul et al., 1997) , soybean (Maughan et al., 1996) , wheat (Barrett and Kidwell, 1998) and caladium (Loh et al., 1999) .
Caladiums are ornamental Araceae grown and bred for their colourful and variously-shaped foliage (Wilfret and Hurner, 1982) . The genus Caladium belongs to the tribe Caladieae, a largely neotropical group in subfamily Aroideae (Mayo et al., 1997) . Caladium comprises about 12 species, of which C. bicolor is the major source of the colourful cultivars. Other commonly cultivated species are C. lindenii (AndreÂ ) Madison, which was previously classi®ed as a species of Xanthosoma, and C. humboldtii Schott, which is unusual in that it has never been observed in¯ower despite its long history of cultivation. This led Madison (1981) to suggest that C. humboldtii is merely a chromosomal race of C. bicolor. As new species of Caladium and Xanthosoma have been described, the suite of characters used to distinguish these genera has been reduced to just one, namely that pollen of Xanthosoma is shed in tetrads while pollen of Caladium is shed as single grains (Madison, 1981; Mayo and Bogner, 1988) . Molecular techniques can provide unambiguous data to resolve these problems as well as more information about diversity within the genera Caladium and Xanthosoma. Development of molecular markers speci®c to the Caladium or Xanthosoma genera and species would also aid in dierentiation between the two genera. Grayum (1990) , French et al. (1995) as well as Mayo et al. (1997) Hapaline, which is entirely palaeotropical in distribution, but with morphology, cytology, anatomy and biochemistry indicating a close relationship to neotropical genera (Boyce, 1996) . More molecular work is needed to clarify and con®rm the position of Hapaline in Araceae.
Thus far, only the study by French et al. (1995) on chloroplast DNA has used molecular techniques and it was directed at the phylogeny of the Araceae on the suprageneric level. However, they studied only a single species for each genus and did not address the genetic diversity within genera.
The genus Protarum is, in some respects, intermediate between subfamily Aroideae and Old World Colocasioideae and has only recently been transferred to tribe Colocasieae based on morphological and anatomical studies (Mayo et al., 1997) . It is the only aroid genus endemic to, or even occurring in, the Seychelle Islands. Since the genus is phenetically distinctive and taxonomically isolated, recent long-distance dispersal to these islands can be ruled out (Grayum 1990 ). The use of molecular techniques would also shed more light on its classi®cation and position relative to Colocasieae.
The objectives of the present study are: (1) to assess the usefulness of AFLP for dierentiating species of Caladium, in particular C. humboldtii and C. lindenii; (2) to investigate genetic relationships among Caladium species; and (3) to investigate genetic relationships among Caladium, Xanthosoma, Hapaline, Alocasia and Protarum.
MATERIALS AND METHODS

Plant materials
Samples of fully expanded leaves were collected from plants cultivated in the Singapore Botanic Gardens or Royal Botanic Garden, Sydney (Table 1) . Each sample consisted of one leaf per plant for three plants per cultivar or species. Reference collections of the four Caladium species and Xanthosoma violaceum comprised one leaf and a colour photograph to illustrate their variegation and coloration pattern and are deposited in the herbarium of the Singapore Botanic Gardens. Reference collections of all other specimens are deposited in the herbarium of the Royal Botanic Garden, Sydney. The range of species studied was limited by the availability of living material.
The leaf samples used for AFLP analysis were surface sterilized by continuous shaking in 0 . 75% sodium hypochlorite solution (w/v) with a few drops of Tween-20 for 15 min. Subsequently, the leaves were thoroughly rinsed with autoclaved water, wrapped in aluminium foil, frozen in liquid nitrogen and stored at À808C until needed for DNA extraction.
DNA extraction
Plant DNA was extracted using the CTAB method according to Reichardt and Rogers (1993) . Brie¯y, leaf tissue was pulverized using liquid nitrogen prior to the addition of 4 ml of Solution I [2% w/v CTAB (Sigma), 100 mM Tris-HCl, 20 mM EDTA, 1 . 4 M NaCl, pH 8 . 0] per gram of leaf tissue and incubated for 60 min at 658C. The homogenate was then extracted with an equal volume of chloroform/isoamyl alcohol (24 : 1) and centrifuged at 12 000 rpm for 5 min. The top aqueous phase was recovered and incubated with 1/10 volume of Solution II (10% w/v CTAB, 0 . 7 M NaCl), prewarmed to 658C. The aqueous phase was then extracted with one volume of chloroform/ isoamyl alcohol (24 : 1) and recovered as before. To the recovered aqueous phase, one volume of solution III (1% w/v CTAB, 50 mM Tris-HCl, 10 mM EDTA, pH 8 . 0) was added and incubated overnight at 378C. The mixture was then centrifuged for 5 min at 3500 rpm and the supernatant removed. The DNA pellet was then re-dissolved in Solution IV (10 mM Tris-HCl, 0 . 1 mM EDTA, 1 M NaCl, pH 8 . 0) at 0 . 5 to 1 ml per gram starting material, followed by ethanol precipitation of the DNA. It was then washed with 70% ethanol, dried and re-suspended in a minimal volume of TE buer at 0 . 1 to 0 . 5 ml per gram starting material. 
AFLP analysis
The AFLP analysis was carried out using the GIBCO BRL AFLP Analysis System I with minor modi®cations. Restriction digests of genomic DNA with EcoRI and MseI were carried out at 378C for 4 h. Following heat inactivation of the restriction endonucleases, the genomic DNA fragments were ligated to EcoRI and MseI adapters overnight at 158C to generate template DNA for ampli®cation. PCR was performed in two consecutive reactions. The template DNA generated was ®rst pre-ampli®ed using AFLP primers each having one selective nucleotide. The PCR products of the pre-ampli®cation reaction were then used as templates, without dilution, for selective ampli®cation using two AFLP primers, each containing three selective nucleotides. Altogether three primer combinations (at the selective ampli®cation stage) were used in the analysis. The primer sequences are shown in Table 2 . The EcoRI primers used were not radioactively labelled, as in the original protocol suggested by Life Technologies. Instead, a modi®ed silver staining method was used. The ®nal PCR products were run on a 6% denaturing polyacrylamide gel in 1XTBE buer. Analysis was carried out by silver staining (Promega Corporation, Madison, USA) and overnight drying before being photographed.
Data analysis
For the diversity analysis, bands were scored as present (1) or absent (0) to form a raw data matrix. A square symmetric matrix of similarity was obtained using Jaccard's similarity coecient [a/(nÀd)], where a is the number of fragments in common between two cultivars, n is the total number of fragments scored, and d is the number of fragments absent in both cultivars (Dudley, 1993) . Genetic diversity estimates (GDEs) were then calculated as 1ÀJaccard's similarity coecient and used for cluster analysis by the unweighted pair group method using arithmetic averages (UPGMA) technique.
RESULTS AND DISCUSSION
This is the ®rst report of the use of a DNA-based polymorphism assay that contributes towards assessing the genetic relationships between dierent species of the genera Caladium and Xanthosoma, and the ®rst time DNA of the genus Protarum has been analysed.
Caladium species identi®cation using AFLP markers DNA was extracted from the four Caladium species (C. bicolor, C. humboldtii, C. lindenii and C. schomburgkii) and subjected to AFLP analysis using three selected primer combinations ( p21, p29 and p55). Results showed that AFLP could be used to distinguish the dierent Caladium species by their unique and dierent banding patterns (Figs 1 and 2) . The total number of unique molecular markers speci®c for each species ranged from ten to 42 when the three primer combinations were used (Table 3) The molecular markers identi®ed can be used to generate speci®c probes for the dierent species. Thus AFLP is useful for distinguishing among species of Caladium. AFLP analysis of three primer combinations on four species of Caladium was also used to determine genetic diversity within the genus. Altogether, 235 polymorphic DNA bands were obtained using the three primer combinations. The similarity matrix generated using Jaccard's similarity coecient was converted to GDEs, which in turn were used for the UPGMA cluster analysis (Fig. 3) . Loh et al.ÐGenetic Relationships of Caladium using AFLP Caladium bicolor and C. schomburgkii were shown to be most similar (GDE 0 . 263) followed by C. bicolor and C. humboldtii (GDE 0 . 674). Caladium lindenii was quite dierent from the other three species of Caladium in having GDEs of 0 . 816, 0 . 836 and 0 . 84 with C. bicolor, C. schomburgkii and C. humboldtii, respectively. Overall, there were only 15 bands common to all four species, which may be speci®c to the genus Caladium.
Of particular interest was the genetic pro®le of C. humboldtii compared with that of C. bicolor. In terms of morphology, C. humboldtii is distinguished from C. bicolor only by its consistently dwarf stature, its freelysuckering habit and its lack of in¯orescences. This led to the speculation that C. humboldtii may be a chromosomal race of C. bicolor (Madison, 1981) . However, the DNA pro®les generated by AFLP show a vast dierence between the two species. This observation is also supported in the UPGMA cluster analysis, which suggested that C. humboldtii is not a chromosomal race of C. bicolor, but a distinct and separate species.
Genetic diversity of Caladieae
The very dierent AFLP pro®les of Caladium lindenii and C. humboldtii from those of C. bicolor and C. schomburgkii shows the wide diversity within the genus. This led us to further investigate the taxonomic position of Caladium within the tribe Caladieae. Caladium lindenii is of interest because, in the past, it had been placed under Xanthosoma. In the horticultural trade, it is still widely known as X. lindenii (AndreÂ ) Engl. AFLP analysis of three Xanthosoma species and other members of the Caladieae was therefore included in this study.
Eight primer combinations were used in the AFLP analysis on the four Caladium species, three Xanthosoma species, as well as one species each from Alocasia, Hapaline and Protarum. One other undetermined species suspected to be a caladium was included to test whether AFLP could con®rm its position. An example of the AFLP analysis is shown in Fig. 4 . The similarity matrix generated using Jaccard's similarity coecient was similarly converted to GDEs (Table 4) , which in turn were used for UPGMA cluster analysis (Fig. 5) . 
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A. princeps Results showed that the three Xanthosoma species form a distinct cluster separate from the Caladium species. That the genetic diversity among these three Xanthosoma species was observed to be much less than that observed among the Caladium species may be explained by their being closely related and all belonging to the same section, Sect. Xanthosoma. From the AFLP pro®les, these Xanthosoma species showed several strong unique bands. However, whether these bands are speci®c to the genus (Fig. 4) and can be used as molecular markers to distinguish between Xanthosoma and Caladium species needs to be tested on a wider range of Xanthosoma species especially from Sect. Acontias, which is morphologically closer to Caladium.
Caladium lindenii did not share any of these Xanthosoma-speci®c markers; further con®rmation that it is not a Xanthosoma species. The suspected Caladium species was aligned within the Caladium cluster (Fig. 5) , indicating that it is a Caladium distinct from the other species.
AFLP analysis con®rmed the present concepts of aroid classi®cation (French et al., 1995; Mayo et al., 1997) in the Caladieae and Colocasieae tribes representing distinct and separate lineages (Fig. 5) , the position of Alocasia (Colocasieae) being distant from genera included in tribe Caladieae. Results also support those of French et al. (1995) that show that the Old World genus Hapaline falls within the tribe Caladieae, a tribe mainly comprising New World taxa. The alignment of Protarum most distant from both Alocasia princeps and Hapaline supported the contention that Protarum could be an ancestral species to both the New and Old World genera of Caladieae. However, further investigation is needed since the family level analyses presented by French et al. (1995) and Mayo et al. (1997) did not group the Caladieae and Colocasieae tribes as sister groups. An ancestral position for Protarum would imply that it is a sister group to an even larger portion of the subfamily Aroideae. FIG. 5 . UPGMA cluster analysis of AFLP data generated by eight primer combinations on Araceae specimens. Scale depicts genetic diversity estimates (GDEs).
CONCLUSION
AFLP is shown to be useful in studying the relationships among species within the Caladium genus, as well as among genera within the Caladieae tribe. The usefulness of AFLP in addressing certain taxonomic problems not resolved morphologically has also been shown. It is thus a very good technique with great potential for tackling enigmatic taxonomic problems in the Araceae.
